Objective-There is considerable controversy regarding the clinical role of the single-nucleotide polymorphisms (SNPs) of the platelet glycoprotein receptor GPIa C807T and the Pl A1/A2 of GPIIIa as cardiovascular risk factors. We hypothesized that two combined SNPs in their homozygous prothrombotic forms could clarify their pathophysiological impact. Methods and Results-We identified a family with a striking history of premature cardiovascular events and a high frequency of the prothrombotic form of the two SNPs. From this family, the platelets of a healthy, 27-year-old propositus with this double homozygosity were compared with three matched male neutral gene variant controls. The propositus had shortened PFA-100 closure times and an increased platelet aggregation response to collagen. Platelet deposition to collagen was augmented under the blood flow conditions of a high shear rate model (1600 s
T he single-nucleotide polymorphisms (SNPs) of the platelet glycoprotein (GP) receptors Ia (C807T) and IIIa (Pl A1/A2 ) have recently gained attention because they may mediate increased platelet reactivity to collagen and fibrinogen or von Willebrand factor, respectively. (For better distinction and easier understanding, the Pl A2 and the GPIa 807T allelic forms of the SNPs are referred to as prothrombotic SNPs and the Pl A1 and the GPIa 807C forms as neutral SNPs.) Despite a large number of well-conducted clinical trials (for GPIIIa [1] [2] [3] and a list of relevant references published previously 2, 3 for GPIa, 4 -14 ) , the results have remained controversial, in part because of the interference of multiple acquired risk factors and the polygeneity of cardiovascular disease. Different populations with varying phenotypes and end points have been studied and different settings chosen. Therefore, it is not surprising that the initially positive and sometimes spectacular results for both SNPs have been tempered by some negative trials. Even two recent large meta-analyses on the role of the Pl A1/A2 SNP of GPIIIa have rendered opposite conclusions. 2, 3 Several lines of evidence have led us to further investigate the topic. Subgroups with a high prevalence of the prothrombotic SNPs have been identified that seem to carry an increased cardiovascular risk, 15 namely, young populations with vascular disease 3, 4, 16, 17 and patients with restenosis after a revascularization procedure. 3, 18 In combination with acquired risk factors, the risk appears to increase (eg, smoking or microalbuminuria in the presence of the homozygous GPIa 807T genotype). 6, 8 Plausible molecular mechanisms have been found. The prothrombotic SNP of GPIa results in an increased density of this receptor and in an increased platelet adhesiveness to collagen. 19 -21 Interestingly, the converse appears to operate as well, because individuals with the homozygous neutral GPIa SNP (807C) with mild von Willebrand's disease have less-effective platelet adhesion under high shear rates and perhaps more bleeding, 5 and patients with congenitally low numbers of GPIa have the phenotype of a bleeding disorder. 22, 23 In the view of these controversies, the aim of our study was to focus on an restricted experimental human model without acquired risk factors that would meet the following 4 criteria: (1) young age, no cardiovascular disease or risk factors, (2) a positive family history for the early clinical end points, such as stroke or myocardial infarction, (3) a high prevalence of the two prothrombotic SNPs in the family, and (4) a double homozygosity for the two prothrombotic SNPs in question.
We speculated that such an approach could offer us the opportunity to functionally analyze this potential genetic risk constellation in an unique human model.
Methods

Subjects
A white family with a striking history of multiple cardiovascular events in the age range of 27 to 50 years was analyzed. Three typical case histories are as follows:
1. A man suffered a stroke with right hemiparesis at age 27, had acute myocardial infarction at age 34, and died of a second myocardial infarction at age 35. The only risk factor was smoking. 2. A 48-year-old woman died of acute myocardial infarction without known risk factors. 3. A 38-year-old male had unstable angina and died of sudden cardiac death without known acquired risk factors.
The study was approved by the local ethics committee. Eighteen members of the family were genotyped after written informed consent was obtained. Of the three deceased family members, only one genotype was available. Our 27-year-old propositus of this family met the 4 predefined criteria. He was double homozygous for the two prothrombotic SNPs and had an uneventful personal history, no known cardiovascular risk factors, took no medication, and exercised regularly. His blood samples revealed a normal hematology and chemistry profile; he had a normal coagulation work-up (normal values for prothrombin time, activated partial thromboplastin time, fibrinogen, protein C, protein S, antithrombin III, factor VIIIc, von Willebrand factor, homocysteine, no antiphospholipid antibodies, no prothrombin mutation [FII G20210A], and no activated protein C resistance).
Three matched male controls (ages 29, 29, 41) with the homozygous neutral SNPs were analyzed together with the propositus. The propositus was analyzed twice, and the controls were analyzed at the same time (2 controls) or 3 days apart (1 control).
Genotyping
The SNPs for GPIa C807T and GPIIIa PI A1/A2 were determined by polymerase chain reaction and melting point analysis with fluorescent hybridization probes by using the fluorescence energy transfer principle (LightCycler System, Roche).
Platelet Function Analyzer (PFA) and Platelet Aggregation
PFA was performed by using the platelet function analyzer PFA-100 as proposed by the manufacturer. To assess data on the kinetics of the platelet adhesion and thrombus formation, we also measured the maximal flow rate, its time point, and the time to the half-maximal closure.
Platelet aggregation was performed by using platelet-rich plasma (PRP, 250ϫ10 6 platelets/mL) anticoagulated with 40 mol/L H-DPhe-Pro-Arg-chloromethylketone (PPACK, Calbiochem) to provide physiological concentrations of Ca 2ϩ and Mg 2ϩ for the plateletcollagen interaction. The aggregations were compared in a parallel mode in a PACKS-4 aggregometer (Helena Laboratories) by using collagen type I fibrils (Helena), monomers prepared with pepsin as described, 24 and collagen-related peptide (a kind gift of R. Farndale) 25 at various concentrations. Citrated PRP was used to analyze the response to arachidonic acid, ADP, epinephrine, and ristocetin.
Platelet Adhesion Analysis and Procoagulant Activity
Platelet adhesion and adhesion-triggered aggregation to collagen monomers and fibrils were analyzed in a static model with gelfiltrated platelets and in flowing whole blood in a dynamic model.
Static System
Gel-filtrated platelets were prepared in HEPES buffer without Ca 2ϩ and Mg 2ϩ as reported. 24 They were labeled with a low dose (10 nmol/L) of 3 H-serotonin (Amersham Pharmacia Biotech, Amersham). Before being subjected to adhesion on collagen monomers, the platelet suspension was supplemented with either MgCl 2 (2 mmol/L) alone to enhance the adhesive functions of GPIa/IIa or with both CaCl 2 (2 mmol/L) and MgCl 2 (1 mmol/L) as a physiological ionic concentration for unrestricted integrin interaction. Round Thermanox coverslips were coated (1) by spraying type I bovine collagen monomers (0.36 mg/mL in 5 mmol/L acetic acid) isolated with acetic acid and pepsin-digested 24 or (2) by spraying collagen fibrils (equine collagen Horm, Nycomed AG, 5 g/mL in 5 mmol/L acetic acid) onto coverslips and incubating for 1 hour. The coverslips were dipped into PBS to detach unbound collagen. The platelets were allowed to react with collagen-coated surfaces for 30 minutes under slow rotation (100 rpm) at two platelet densities (100 and 300ϫ10 6 /mL) to promote platelet adhesion or adhesion-triggered aggregation. The adherent, serotonin-positive platelets were calculated according to the specific labeling activity as previously reported. 24 
Procoagulant Activity of Collagen-Adherent Platelets
Gel-filtrated platelets (100ϫ10 6 /mL were allowed to adhere under slow rotation at 37°C to coverslips coated with either bovine serum albumin, collagen monomers, or fibrils either in the CaCl 2 (2 mmol/L) and MgCl 2 (2 mmol/L)-or in MgCl 2 (1 mmol/L)-containing buffer. 26 After 30 minutes, the coverslips were dipped three times into PBS to detach the unadhered platelets. Then, the adhered platelets were supplemented with 1:20 diluted (in PBS, Ca 2ϩ 0.9 mmol/L) defibrinated (reptilase-treated,1:49 F.T.H50-reptilase, Diagnostica Stago) plasma and thromboplastin (Thromborel S, 1:5000 final concentration, Behring Diagnostics) to induce coagulation activity on the collagen-adherent platelets. This pretreated plasma was incubated for 10 minutes over the adherent platelets, and the reaction was stopped by collecting plasma samples into an equal volume of stopping buffer (125 mmol/L NaCl, 50 mmol/L Tris-HCl, and 2 mmol/L EDTA, pH 7.9). Chromogenic substrate S-2238 (Chromogenix) was added to final 0.5 mmol/L to measure soluble thrombin for 6 minutes. The reaction was terminated with 20% acetic acid, and the results were analyzed spectrophotometrically at 405 nm. The procoagulant activity was estimated as the amount of soluble thrombin generated by referring to the absorbance of a thrombin standard with known activity added to the defibrinated plasma. The results were finally expressed per volume of supernatant.
Dynamic System
As a model of platelet deposition to collagen fibrils, PPACKanticoagulated whole blood was perfused for 2 minutes at the shear rate of 1600 s Ϫ1 in the Turitto's perfusion chamber. 27 Platelet deposition was assessed with 3 H-serotonin labeling and by scanning electron microscopy. PRP was centrifuged from whole blood, the platelets were labeled with 10 nmol/L 3 H-serotonin, and reconstituted as whole blood for perfusions. This assay was performed twice in the propositus and in two controls.
Flow Cytometry
Two-hundred microliters of acidic citrate dextrose (ACD)-PRP (50ϫ10 6 pL/mL) were incubated with saline or 10 mol/L thrombin receptor activator protein (TRAP-14, Sigma) and 10 g/mL collagen type I (Sigma) for 10 minutes at room temperature with gentle stirring (100 rpm). The process was stopped with 200 L of 1% paraformaldehyde. Ten microliters of the sample were double stained with 4 L of CD61-FITC (anti-GPIIIa, fluorescein isothiocyanate labeled) and 2 L of CD41-PE (anti-GPIIb, phycoerythrin labeled) or with 2 L of CD41-FITC and 4 L of CD62P-PE (anti-P-Selectin) or with the respective isotype controls. After incubation for 15 minutes in the dark at room temperature, they were diluted to 2 mL with HEPES buffer. The instrument was triggered by fluorescein isothiocyanate (FITC) fluorescence and 10,000 platelets were analyzed by using the galaxy flow cytometer (DAKO Diagnostics AG). The microparticles were expressed in percent of the platelet count. This method resulted in 1% microparticles in nonactivated PRP.
To analyze the receptor density, platelets were washed once with HEPES buffer and diluted to 50ϫ10 6 /mL. Platelets (10 to 40 L) were labeled for 15 minutes at room temperature in the dark with CD41-FITC or the FITC-labeled isotype control (both 1:8 diluted), P1E6 (anti GPIa) or buffer and goat-anti-mouse IgG-FITC (all 1:8), polyclonal anti GPVI or preimmune serum (both 1:000), and swine-anti-rabbit IgG-FITC (1:8). All antibodies were from DAKO except for the polyclonal anti GPVI antibody, which was a kind gift of Dr. Kenneth Clemetson (Theodor Kocher Institute, University of Bern, Switzerland). Before analysis, the probes were diluted with 4 mL of HEPES buffer. The instrument was triggered by forward scatter, and 20,000 platelets were considered. The fluorescence peaks were analyzed by the FloMax-Software (DAKO).
Results
The flow cytometric data (nϭ3, meanϮSD) indicated an increased receptor density of GPIa (ϩ81Ϯ8%) and of GPVI (ϩ25Ϯ4%) in the propositus compared with the control, whereas GPIIIa was remarkably stable (ϩ3Ϯ1%).
The propositus had a shortened PFA-100 closure time compared with the mean of the three controls, namely with collagen/epinephrine (CEPI): 120 versus 163Ϯ38 s and with collagen/ADP (CADP): 78 versus 102Ϯ23 s. The maximal flow rate achieved was similar with both CADP (170 versus 177Ϯ19 L/min) and CEPI (177 versus 163Ϯ23 L/min). The time to the half-maximal closure was the same for CADP (54 versus 51Ϯ16 s) and slightly shortened for CEPI (89 versus 115Ϯ24 s). This suggested an accelerated platelet activation and coagulation in the second part of the measurement.
Platelet aggregation with collagen was overall increased (as illustrated in a representative tracing in Figure 1 ), but particularly in response to collagen monomers. The difference was maximal at critical collagen concentrations and could be overcome by increasing the dose (Figure 1 ). Aggregation responses to the other agonists were similar.
Under high shear rate flow conditions (1600 s Ϫ1 ) a strongly increased platelet adhesion-induced recruitment of platelets to collagen was observed. Figure 2 represents a comparative scanning electron micrograph representing the propositus and a control under the same conditions and magnifications. The aggregates of the propositus are significantly larger and are merging via thick fibrin bundles. The control perfusion channel is evenly covered with smaller aggregates, connected by a network of pseudopods. These data are compatible with our earlier work. 24,28 -30 Serotonin-positive platelets of the propositus deposited at 11.00ϫ10 6 /cm 2 and those of the control at 7.21ϫ10 6 /cm 2 in this example. Static platelet adhesion was enhanced in the propositus by 1.5 on collagen monomers and 1.2 on collagen fibrils ( Figure 3A , left) under conditions that favored GPIacollagen interactions in the presence of Mg 2ϩ alone. Conditions that favored GPIIb/IIIa-mediated interactions in the presence of Ca 2ϩ and Mg 2ϩ gave an even more prominent difference over the neutral SNPs control, namely an enhancement by 2.9 on collagen monomers and by 1.5 on fibrils ( Figure 3A , right). Adhesion-triggered aggregation by higher platelet counts was not affected ( Figure 3B, left) , whereas the presence of both Ca 2ϩ and Mg 2ϩ enhanced again the difference between propositus and controls to 1.6 on monomers and 1.4 on fibrils ( Figure 3B, right) . The addition of Mg 2ϩ alone gave overall higher adhesion, adhesion-induced aggregation as well as procoagulant activity (Figure 3, left panels) . Procoagulant activity in the supernatant was enhanced accordingly ( Figure 3C ), thus confirming the functional relevance of the increased platelet adhesion of the propositus.
Flow cytometry analysis revealed that the platelet microparticle number of the propositus at baseline was similar to the three controls (meanϮSEM): 1.7% (controls: 1.3Ϯ0.6%); however, after activation with collagen/thrombin receptor activator protein-14 (TRAP-14), it increased to a 2-fold level, namely to 101% (controls: 53Ϯ12%). In addition, more of the patient's microparticles were positive for P-selectin: 57% (controls: 38Ϯ5%) after activation. These results are in line with the enhanced procoagulant activity.
The 18 family members that we genotyped had relatively high prevalences for the prothromobotic SNPs (Table) : 11% double heterozygosity and 6% double homozygosity, 66% single heterozygosity, and 33% single homozygosity. There were only 2 members with the double homozygous-neutral SNPs. Interestingly, patient 1, who died at the age of 35 from his second myocardial infarction, was homozygous for the prothrombotic SNP of GPIa and smoked in addition, thus putting him in a high-risk situation, as shown in our earlier study. 6 
Discussion
The data confirm our hypothesis that the combined homozygous presence of the risk allelic forms of the two SNPs will result in an augmented and clearly detectable prothrombotic state in vitro. We have demonstrated an increased platelet reactivity in specific and elaborated tests of platelet adhesion and procoagulant activity and, interestingly, even in global tests of the laboratory routine (PFA-100, platelet aggregation). The results are in accordance with our earlier studies with heterozygous carriers of the prothrombotic SNP of GPIa (807T), which partly explain an increased reactivity to collagen in normal donors. 31 Our findings of an increased platelet adhesion to collagen under static ( Figure 3 ) and dynamic ( Figure 2) conditions, an augmented aggregation with collagen (Figure 1) , and an enhanced procoagulant activity ( Figure 3C ) associated with an increased generation of platelet microparticles, fit well into the proposed pathophysiology. On the other hand, another group 32 reported that platelets isolated from Pl A2 -positive donors did not show an increased ADP sensitivity, nor a PFA-100 difference, nor different binding of the Arg-GlyAsp-peptide to platelets. This may indicate that the combined prothrombotic SNPs may be important to enhance subtle differences. Figure 3 illustrates that in the presence of Mg 2ϩ alone, there is an overall enhancement of platelet adhesion, aggregation, and procoagulant activity compared with Ca 2ϩ and Mg 2ϩ , 
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which indicates an early inhibitory effect of Ca 2ϩ on the adhesive receptors.
The constellation of a double homozygosity has a very low probability, and only 1 in 750 to 1000 is affected. Therefore, the combined risk cannot be extracted from the clinical studies. The majority of the association studies have analyzed the prothrombotic SNPs in their heterozygous or both in their heterozygous and homozygous forms and vascular disease. For the Pl A2 of GPIIIa, they found an odds ratios (OR) of 1 to 3 3 , up to 6 in subgroups, 16 and for the 807T of GPIa ORs of 2 to 4. 7, 8 The prevalences in the white population for Pl A2 are approximatively 23% and 2%, 3, 33 and for GPIa 807T, 40% to 53% and 5.6 to 18% 4,6 -8,10,13,14 in their heterozygous and homozygous forms, respectively. Thus, the combined heterozygosity is expected to be 9% to 12% and the combined homozygosity 0.1% to 0.4%.
The 18 family members that we genotyped had relatively high prevalences (11% double heterozygosity and 6% double homozygosity) despite the fact that only one sample of one deceased member was available. In an attempt to estimate the risk of a vascular event in a young person carrying the two homozygous prothrombotic SNPs, a conservative OR will be in the range of 4 to 10 and higher if it is more than additive. The model also will accommodate the evidence from the literature that a single acquired risk factor, such as smoking 6 or hypertension with microalbuminuria, 8 will substantially increase the risk in patients carrying these prothrombotic SNPs. This is well illustrated by patient 1, who died at age 35 from myocardial infarction. He had the homozygous form of the prothrombotic SNP of GPIa and an acquired risk factor (smoking) enhancing this risk.
These patients should reduce their acquired risk factors and perhaps consider a prophylactic antiplatelet regimen. Interestingly, however, the antithrombotic effect of aspirin seems to be reduced in Pl A2 platelets. 34 Thus, the physiological sequence of platelet-vessel wall interactions in hemostasis helps to explain the combined prothrombotic effect of the SNPs (hypothesis illustrated in Figure 4 ). After GPIb-dependent platelet rolling and tethering to the subendothelium, the platelet monolayer develops on the subendothelial matrix mediated by GPIa/IIa and GPVI as collagen receptors. 35, 36 Platelets lacking GPVI may not be able to activate integrins and fail to fully adhere and aggregate on collagen 36 ; then, the platelet-rich thrombus is generated by the interaction of GPIIb/IIIa with fibrinogen and/or von Willebrand factor. Based on these mechanisms, our propositus may have an amplifying effect at the following three levels: (1) a higher, genetically determined receptor density of GPIa will result in an increased adhesion to collagen, (2) this is enhanced by an increased density of GPVI (which is correlated with higher GPIa-levels 37 ), with a gain of function and an enhanced procoagulant response, 35, 36, 38 and (3) the haplotype Pl A2 of GPIIIa increases and stabilizes the interaction of GPIIb/IIIa with immobilized fibrinogen, 39, 40 and it enhances the platelet aggregability 41 and the thrombin generation. 34 Although we were careful to screen for the known congenital or acquired risk factors, we cannot exclude additional prothrombotic SNPs or pathologies that might contribute to the results.
In conclusion, our analysis fulfills the three generally accepted requirements for the polymorphism-disease association: a plausible mechanism (the receptor density and the gain of function), the functional consequence (plateletadhesion, platelet-aggregation, procoagulant activity), and the association with disease. 
Prevalence of the Two Prothrombotic Polymorphisms in the Family Members
GPIa 807T
GPIIIa PI A2 Heterozygous 44% (8) 22% (4) Homozygous 22% (4) 11% (2) Combined heterozygous 11% (2) Combined homozygous 6% (1)
